Context: Weaver syndrome is characterized by tall stature, advanced bone age, characteristic facies, and variable intellectual disability. It is caused by heterozygous mutations in enhancer of zeste homolog 2 (EZH2), a histone methyltransferase responsible for histone H3 at lysine 27 (H3K27) trimethylation. However, no early truncating mutations have been identified, suggesting that null mutations do not cause Weaver syndrome.
consistent with recent studies showing de novo germline heterozygous mutations in EZH2 in Weaver syndrome (2, 3) . However, the molecular pathophysiology is poorly understood.
EZH2 is a key component of the polycomb repressive complex 2 (PRC2). PRC2 comprises four essential core subunits: EZH1 or 2, embryonic ectoderm development, suppressor of zeste 12 homolog, and retinoblastomaassociated protein 48 (4) . PRC2 is an important chromatin modifier, responsible for the trimethylation of histone H3 at lysine 27 (H3K27me3), which then serves as an epigenetic signal for chromatin condensation and transcriptional repression (5) .
Interestingly, all EZH2 mutations found to date in Weaver syndrome are either missense mutations or truncating mutations in the last exon (3) , which therefore may not initiate nonsense-mediated RNA decay (6) . The lack of early truncating mutations suggests that Weaver syndrome is not caused by simple haploinsufficiency of EZH2. We reasoned that EZH2 mutations in Weaver syndrome could be either partial loss-of-function or gain-of-function mutations. We recently showed that complete loss of Ezh1 and Ezh2 in mouse growth plate slows growth (7) , suggesting that the increased growth in Weaver syndrome might be due to a gain of function. In contrast, a prior study found that Weaver mutations decreased histone methyltransferase activity in a cell-free system, although it was unable to assess all three methylation steps catalyzed by EZH2 (8) . To determine whether Weaver mutations cause a partial loss of function or a gain of function, we transfected wild-type or mutated Ezh2 cDNA into wild-type mouse chondrocytes or chondrocytes lacking Ezh2 and assessed histone methyltransferase activity. We also used CRISPR/Cas9 to generate a mouse model that carried the Weaver EZH2 mutation that we had identified and studied histone methylation and postnatal growth in this mouse model.
Subjects and Methods

Patient report
This study was approved by the Institutional Review Board of the Eunice Kennedy Shriver National Institute of Child Health and Human Development, and written informed consent was obtained from the participant and legal guardians. Heights and weights were plotted on the Centers for Disease Control and Prevention growth charts (www.cdc.gov/ growthcharts) (9) , and Z-scores were calculated using the Third National Health and Nutrition Examination Survey growth data (10) .
A 7-year 4-month-old boy was evaluated for tall stature at the Division of Pediatric Endocrinology and Diabetes, Ichan School of Medicine at Mount Sinai, and then referred to the National Institutes of Health Clinical Center Pediatric Endocrinology Clinic for further genetic evaluation. He was born at gestational week 36 with a birth length of 54.6 cm [+3.0 standard deviation score (SDS)] and birth weight of 3.15 kg (+0.9 SDS). During childhood, he showed a high growth velocity, causing both height and weight to diverge from the normal range. His bone age was advanced by ;4 years ( Fig. 1) . He had moderately delayed motor, speech, and cognitive development. His parents were of normal stature (mother 168.8 cm, +0.85 SDS; father 179.8 cm, +0.4 SDS). On examination at the National Institutes of Health, he was noted to be a tall, proportional, and prepubertal boy with macrocephaly and subtle facial feature including large ears, mild ocular hypertelorism, and relative retrognathia (Fig. 1) . He had large hands with thin, deep-set nails. There were no signs of excessive sex steroid exposure. Endocrine evaluations were normal with no indications of growth hormone excess, hyperthyroidism, early puberty, congenital adrenal hyperplasia, or other condition of increased sex steroid production (Supplemental Table S1 ). Genetic testing for Sotos syndrome was negative, and comparative genomic hybridization microarray did not detect any deletions or duplications.
Animal procedures and tissue processing
All animals were used in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council 2003). Mice were weighed weekly to follow their postnatal growth pattern. Mice were euthanized at various ages, and the heart, liver, lungs, kidneys, and spleen were excised and weighed. Tibiae were excised, separated from adjacent muscle, and their lengths measured using a digital vernier caliper. Both males and females were used in all experiments.
Mouse genome editing to create the Ezh2V626M allele
The Val to Met substitution at codon 626 was created by CRISPR-mediated genome editing directly in fertilized eggs of C57BL/J (The Jackson Laboratory) as described (11) . Three target sequences for guide RNAs (gRNAs) near the target codon were initially selected using the ranking tool CRISPR Design (http:// crispr.mit.edu). Selected gRNAs were synthesized by T7 in vitro transcription as described (12) . Briefly, templates for in vitro transcription were first assembled in a polymerase chain reaction (PCR) with a forward primer containing sequences of the T7 promoter, the gRNA, the first 15 base pairs (bp) of the tracer RNA portion of the guide RNA backbone, and the reverse primer derived from the last 20 bp of the tracer RNA. A plasmid with the backbone sequence of the SpCas9 gRNA was used as the PCR template. gRNAs were then synthesized with the MegaScript T7 kit (Ambion). The gRNAs were compared for their activity to introduce a double-strand break at the target site in mouse embryonic stem cells with Surveyor assay (13) (data not shown). gRNA gE16(57) (Supplemental Table 2 ) was chosen. A singlestranded DNA oligonucleotide (127-mer) carrying the c.1876G.A transversion (NM_004456.4) was designed, based upon the position and orientation of the guide RNA gE16(57) (14) , and synthesized (Integrated DNA Technologies) (Supplemental Table 2 ) to create the p.V626M substitution. The combination of the guide RNA with the mutagenic oligonucleotide was further tested for its efficiency, introducing the desired point mutation into the mouse genome by digital-droplet PCR (data not shown) with a pair of probes for wild-type and mutated alleles, respectively (Supplemental Table 2 ). In that system, 4% of the mouse fibroblast cells harboring a tet-inducible Cas9 expression cassette (unpublished data) were correctly edited upon induction of Cas9 expression (data not shown). C57BL6/J donor eggs were microinjected with a mixture of SpCas9 protein (50 ng/mL; PNA BIO), gRNA gE16(57) (50 ng/mL), and the mutagenic oligo (100 ng/mL) as described (11) . F0 founders carrying the mutation (c.1876G.A; V626M) were confirmed by Sanger sequencing of a PCR amplicon (418 bp) generated using genotyping forward and reverse primers (Supplemental Table 2 ). This approach of PCR (using these primers) followed by Sanger sequence was used for routine genotyping of this Weaver mouse line.
Plasmid preparation
Plasmids expressing wild-type or Weaver variants of EZH2 were construct by gene synthesis (GeneArt Gene Synthesis; Life Technologies) using a pcDNA3.1 backbone.
Chondrocyte isolation and transfection
Growth plates from proximal tibias and distal femurs were dissected from 1-week-old EZH1/2 cartilage-knockout mice (7) or EZH1-knockout EZH2 wild-type littermates aseptically and digested in 0.3% collagenase type I (Sigma-Aldrich) in Dulbecco's modified Eagle medium (DMEM)/F12 medium. The released cells were resuspended, and 1 3 10 6 chondrocytes was plated each in a 60-mm dish in DMEM/F12 medium (Invitrogen) supplemented with 10% fetal bovine serum, 1% penicillin (100 U/mL)/streptomycin (100 mg/mL), and 50 mg/mL ascorbic acid in a humidified incubator at 37°C, 5% CO 2 .
Transfection was performed as previously described (7). Briefly, monolayer chondrocytes were treated with hyaluronidase (5 U/mL; Sigma-Aldrich) for 6 hours. Prior to transfection, cells were washed once in phosphate-buffered saline (PBS) and changed to 5 mL DMEM/F12 medium without antibiotics. Plasmids expressing wild-type or Weaver variants of EZH2 were transfected (8 mg/dish) into chondrocytes using Lipofectamine 2000 (Life Technologies) following the manufacturer's standard protocol.
Histone methyltransferase activity assay
Nuclear proteins were extracted from chondrocytes 48 hours after transfection using the EpiQuik Nuclear Extraction Kit (EpiGentek) and tested for H3K27 histone methyltransferase activity using an enzyme-linked immunosorbent assay-based EpiQuik histone methyltransferase activity assay (EpiGentek). EZH2 enzymatic activity is proportional to the amount of biotinylated histone H3 methylated by PRC2 complex in the nuclear extract, detected by a horseradish peroxidase-conjugated trimethyl-H3K27 specific antibody, and quantified by optical density at 450 nm.
Immunostaining
Mouse embryos were fixed in formalin and embedded in paraffin for sectioning (Histoserv, Inc.). Sections of mouse embryos at embryonic day (E)14.5 were baked at 65°C for 45 minutes, deparaffinized in xylene, rehydrated through ethanol series (100%, 100%, 95%, and 95%), and rinsed with PBS. Antigen retrieval was performed using proteinase K (100 mg/mL in PBS, 30 minutes). Endogenous peroxidase activity was blocked by 3% H 2 O 2 . Staining was performed using antihistone H3 (1: 1000; ab1791; Abcam), anti-H3K27me2 (1:1000; 07-452; Millipore), or anti-H3K27ne3 (1:1000; 07-449; Millipore), with a VECTASTAIN ABC kit (Vector Laboratories) followed by DAB Substrate kit (Vector Laboratories) according to the manufacturer's instructions. Sections were counterstained with methyl green.
Results
De novo heterozygous EZH2 missense mutations in a child with overgrowth and advanced bone age
To identify the genetic cause of the patient's overgrowth syndrome, exome sequencing was performed in the patient and parents. The data were filtered for nonsynonymous de novo variants, and a missense mutation in EZH2 [NM_004456.4: c.1876G.A (p.Val626Met)] previously reported to cause Weaver syndrome was identified in the patient but not the parents. The mutation was confirmed by Sanger sequencing. The mutation information was submitted to the ClinVar database (allele ID 168576).
Weaver-associated EZH2 mutations decreased histone methyltransferase activity Because EZH1 and EZH2 are known to have partial functional redundancy, we chose to test the enzymatic activity of the mutant EZH2 in cells lacking both endogenous EZH1 and EZH2. We therefore used chondrocytes isolated from mice with ubiquitous deletion of Ezh1 and cartilage-specific deletion of Ezh2 (Ezh1/2 mice) (7). We transfected wildtype EZH2 or two different EZH2 constructs with Weaver-associated mutations, EZH2(p.V626M) and EZH2(p.A682T), into these Ezh1/2-null chondrocytes and measured H3K27 histone methyltransferase activity in their nuclear extracts (Fig. 2,  left panel) . We found that, compared with mock transfection, cells transfected with wild-type EZH2 had the highest methyltransferase activity, whereas cells transfected with EZH2(p.V626M) and EZH2(p.A682T) demonstrated activity that was greater than mock transfection but less than wild-type EZH2 (Fig. 2, left panel) , suggesting partial loss of function.
When the same experiment was repeated using chondrocytes lacking Ezh1 but with intact Ezh2, there were no statistically noteworthy differences in methyltransferase activity among cells transfected with wild-type EZH2, EZH2(p.V626M), or EZH2(p.A682T) (Fig. 2, right  panel) . In particular, we did not observe any tendency for increased activity in the Weaver variants transfected in wild-type chondrocytes, suggesting that these variants are not cooperative gain-of-function mutations in the presence of wild-type EZH2 (15) . (Fig. 3A) . The resultant heterozygous pups looked grossly normal and were fertile.
Creation of
a mouse model for Weaver syndrome To further confirm that Weaver EZH2 mutants cause a partial loss of function in H3K27 histone methyltransferase activity and to gain insights into the role of EZH2 mutations in body growth, we next used CRISPR/Cas9 genome editing to generate a Weaver mouse model carrying the Ezh2(p.V626M) variant. Sanger sequencing confirmed the c.1876G.A (p.V626M) substitution
Perinatal lethality in homozygous Weaver mice
When mice heterozygous for the Weaver mutation were crossed with other heterozygous mice, the ratio of wild-type to heterozygous offspring was roughly 1:2, consistent with Mendelian ratios (Table 1) . However, no Figure 2 . Weaver-associated EZH2 mutations decreased histone methyltransferase activity. Ezh1/2-null chondrocytes (left) or Ezh1-null chondrocytes (right) were transfected with constructs expressing EZH2 (wild-type or variant), and then nuclear extracts were tested for H3K27 methyltransferase activity. The two Weaver-associated EZH2 variants that were tested (V626M and A682T) both showed decreased methyltransferase activity compared with wild-type EZH2 in the Ezh1/2-null chondrocytes. No differences were found in the Ezh1-null chondrocytes, which have endogenous Ezh2 expression. N.S., not significant. surviving homozygous pups were found. A small number of homozygous pups were born dead or died shortly after birth, suggesting perinatal lethality. Histopathology showed diffuse atelectasis of lungs in homozygous pups, suggesting respiratory insufficiency to be the cause of perinatal lethality. Earlier in gestation, at E14.5 or E18.5, homozygous embryos were identified in numbers consistent with Mendelian ratios (Table 1) . Homozygous Weaver embryos at E18.5 showed a slightly decreased body size compared with wild-type or heterozygotes (P , 0.05; Table 1 ), but histopathology identified no gross abnormality.
The Weaver mutation had a milder effect in terms of mortality than a previously described null mutation in Ezh2, which caused embryonic lethality at E8.5 in Figure 3 . Heterozygous Weaver mice showed postnatal overgrowth. CRISPR/Cas9 genome editing was used to generate a mouse model carrying a Weaver-associated Ezh2 variant (V626M). (A) Crosses of heterozygotes generated mice that were wild-type, heterozygous, or homozygous for the Weaver variant, which was confirmed by PCR amplification of a genomic region containing the variant followed by Sanger sequencing. (B) Body weight was measured in heterozygous Weaver mice and wild-type (WT) littermates weekly up until 8 weeks of age (homozygotes were perinatally lethal). Two-way analysis of variance (ANOVA) showed that body weights differed significantly between genders and genotypes (both P , 0.001). Pairwise comparison showed that, in both males (M) and females (F), body weights were significantly increased in heterozygous Weaver mice. (C-H) At 8 weeks of age, heterozygote Weaver mice showed increased weights of heart, kidney, and spleen but no differences in weights of liver and lung or in tibia length compared with wild-type mice. *P , 0.05.
homozygous embryos and decreased numbers of live heterozygous pups compared with Mendelian ratios (16) . The milder effect on mortality in the Weaver model, in both the homozygous and heterozygous state, is consistent with the hypothesis that the Weaver mutation causes only a partial loss of function.
Postnatal overgrowth in heterozygous Weaver mice
To gain further insights into the role of Weaver Ezh2 mutations in postnatal growth, we followed the heterozygous Weaver mice to 8 weeks of age. The growth of heterozygotes was similar to that of wild-type littermates up to 5 weeks of age, when the heterozygotes started showing signs of overgrowth (Fig. 3B) . At 8 weeks, overall body weight was increased in heterozygous Weaver mice, more prominently in females (Fig. 3B) . Compared with human patients with Weaver syndrome, the overgrowth found in mice appeared relatively mild. To assess the tissue distribution of the overgrowth, we measured the weights of major organs and tibia length in Weaver mice at 8 weeks of age (Fig. 3C-3H ). Tibia lengths were not different between wild-type and heterozygotes (Fig. 3H) , whereas the weights of heart, kidney, and spleen were found to be increased in heterozygotes. The increased weight of spleen (Fig. 3G ) raises the possibility of increased lymphocyte proliferation, which might be related to a possible increased risk of leukemia and lymphoma in Weaver syndrome suggested by some reports (17, 18) .
Heterozygous and homozygous Weaver mice showed decreased histone methyltransferase activity
Immunostaining of E14.5 embryos (Fig. 4 ) demonstrated that dimethyl-H3K27 levels were greatest in wild-type embryos, decreased in heterozygous embryos, and further decreased in homozygous embryos (Fig. 4C) . A similar pattern was seen for trimethyl H3K27 (Fig. 4D) . These findings provide in vivo confirmation that the Weaver EZH2 variant causes a partial loss-of-function mutation and specifically excludes a cooperative gain of function. The marked decrease in H3K27 methylation also suggests that Ezh1 does not compensate for the decreased Ezh2 activity in mouse embryonic tissues.
Discussion
We studied a patient with overgrowth, advanced bone age, developmental delay, and facies suggestive of Weaver syndrome. Sequencing revealed a de novo heterozygous mutation in EZH2. Heterozygous de novo mutations in EZH2 have previously been demonstrated in Weaver syndrome. However, the molecular pathogenesis remains unclear. Two alternative possibilities are that these mutations cause a loss of function, as occurs, for example, in myeloid malignancies, or cause a gain of function, similar to somatic mutations found in B-cell lymphomas. To date, the causative mutations have all been missense mutations or else truncating mutations in the last exon; no earlier truncating mutations have been described, suggesting that Weaver syndrome is not caused by complete loss-offunction mutations but still might be caused by partial loss of function. To distinguish these possibilities, we expressed Ezh2 with the mutation that we identified in this patient, and also a second Weaver-associated mutation, in chondrocytes lacking Ezh1 and Ezh2 and found that the mutations partially impaired synthesis of trimethyl H3K27. No effect was seen in cells that had intact normal Ezh2 alleles. We next used CRISPR/Cas to introduce into the mouse genome the mutation that we had identified in Weaver syndrome. Mice that were heterozygous for this mutation showed mild overgrowth, including increased body mass and mass of the heart, kidney, and spleen. This mouse represents an animal model for Weaver syndrome, although, for reasons that are not clear, this mouse model does not show the skeletal overgrowth that is present in human Weaver syndrome. Homozygous mice died in the perinatal period. Immunostaining revealed a decrease in di-and trimethyl H3K27 in both homozygous embryos and, to a lesser degree, heterozygous embryos.
Our findings represent the most definitive proof to date that Weaver-associated mutations cause a partial loss of function rather than a gain of function. One recent study by Cohen et al. (8) reported that EZH2 variants from Weaver syndrome reduced histone methyltransferase activity. However, assessment of function is complicated because EZH2 actually catalyzes three sequential methylation reactions, yielding mono-, di-, and trimethylated H3K27. Somatic mutations in EZH2 identified in B-cell lymphomas (19) modify substrate specificity, leading to decreased activity at the monomethylation step but increased activity at the trimethylation step. Initially, these mutations, studied in isolation, were thought to cause an overall loss of function, but, when studied in the heterozygous state, the mutant proteins act cooperatively with wild-type protein (which efficiently catalyzes the monomethylation reaction) to increase trimethyl H3K27 (15, 20) . The prior analysis of Weaver EZH2 variants (8) used a cell-free enzyme assay with a mix of core histones and H3 peptides at different methylation states as substrate and therefore did not distinguish the three sequential methylation reactions. In an alternative assay, biotinylated peptides that were unmethylated, monomethylated, or dimethylated were used separately as substrates, but the assay was only able to detect the first methylation step above background level. As a result, these prior findings did not exclude the possibility that Weaver mutations alter substrate specificity and thereby produce overall gain of function in the heterozygous state through cooperativity with the wild-type protein.
In the current study, we addressed this problem in two ways. First, we expressed the mutant protein not only in cells lacking Ezh2 but also in cells already expressing wild-type Ezh2 and did not see increased production of trimethyl H3K27. Second, we created a mouse model of Weaver syndrome, performed immunohistochemistry for di-and trimethyl-H3K27, and found decreased methylation not only in the homozygous embryos but also in the heterozygous embryos, again demonstrating a loss of function, rather than a gain, through cooperativity with the wild-type allele product. This conclusion, that the mutations in Weaver syndrome cause a partial loss of PRC2 histone methyltransferase activity, is also consistent with recent reports that Weaver syndrome can be caused by loss-of-function mutations in embryonic ectoderm development and suppressor of zeste 12 homolog, two other components of the PRC2 complex (21, 22) . It is also possible that the missense mutations found in patients with Weaver syndrome result in a protein that is included in the PRC2 complex but abrogates its function and prevents wild-type protein from participating in the complex, whereas, for null mutations, the gene product of the wildtype allele can participate in the complex without interference. Our in vitro findings did not tend to support this possibility; when EZH2 with a Weaver-associated missense mutation was transfected into chondrocytes expressing endogenous Ezh2, the enzyme activity was not diminished. Our findings pose an interesting question: if EZH2 mutations that cause Weaver are indeed loss of function, why have no early truncating mutations been found in Weaver syndrome? One possible explanation is that heterozygous-null mutations in EZH2 are clinically silent even though heterozygous hypomorphic alleles cause Weaver syndrome. However, truncating mutation in EZH2 have not been observed in the Exome Aggregation Consortium (ExAC; constraint metrics: probability of truncating mutation intolerance pLI = 1.00, Z = 5.45 for Figure 4 . Homozygous and heterozygous Weaver mice showed decreased H3K27 methylation in vivo. Immunostaining of E14.5 embryos was used to examine difference in histone methyltransferase activity in vivo. Formalin-fixed wild-type (WT), heterozygotes (Het), and homozygotes (Homo) were placed on the same slide and stained with (A) hematoxylin and eosin (H&E) for histology, (B) antibody against total H3, (C) antibody against H3K27me2, or (D) antibody against H3K27me3. Brown color indicates immunostaining, and green represents counterstain. We found that both H3K27me2 and me3 levels were greatest in wildtype embryos, decreased in heterozygous embryos, and further decreased in homozygous embryos. No difference was observed for total H3 among different genotypes. Scale bar, 3 mm. missense mutations) (23), suggesting strong selective pressure to avoid null mutations in EZH2 even in the heterozygous state, implying that these mutations confer a survival (or reproductive) disadvantage. A second possible explanation is that heterozygous-null mutations in EZH2 are lethal. In mice, homozygous ablation of Ezh2 is lethal at E8. Some heterozygous pups survive but are present at lower frequency than would be predicted by Mendelian ratios, suggesting partial lethality. In humans, 14 patients heterozygous with deletions that include EZH2 have been reported in the Database of Chromosomal Imbalance and Phenotype in Humans Using Ensembl Resources (DECIPHER). For two of the heterozygous deletions (DECIPHER patients 1671 and 252404), the submitting clinicians provided us with phenotypic descriptions, which both included multiple anomalies and short stature. In addition, a single patient with a homozygous deletion encompassing EZH2 has been reported, suggesting that homozygous-null mutations in EZH2 in humans, unlike the mouse, are not completely incompatible with life (24) . A third possibility is that heterozygous-null mutations in EZH2 lead to a phenotype that is distinct from Weaver syndrome. It is likely that this phenotype results in decreased fitness because null mutations in EZH2 are not found in ExAC. The phenotype of heterozygous-null mutations is likely buried in the phenotype of individuals reported in DECIPHER with deletions encompassing EZH2, but it is difficult to dissect the defects due to deletion of EZH2 from the defects due to deletion of neighboring genes.
Based on our current findings, previous human cases, and mouse models (Table 2) , we speculate that mutations in EZH2 may have a complex genotype-phenotype relationship, which reflects a graded relationship between PRC2 histone methyltransferase activity and gene expression. A mild decease in EZH2 activity, due to heterozygous hypomorphic mutations in Weaver syndrome, may lead to derepression of a set of growth-promoting genes in the genome, causing overgrowth. A greater decrease in EZH2 activity, such as occurs in heterozygousnull mutations in EZH2, leads to derepression of additional genes, causing developmental or organ dysfunction and a phenotype, as-yet unknown, distinct from Weaver syndrome. This model is consistent with the slight overgrowth observed in our Weaver mice contrasted with the impaired bone growth in mice lacking Ezh1 and 2 in growth plate cartilage (7) . The precise genes that, when derepressed, lead to overgrowth in Weaver syndrome would be difficult to identify. Although we were previously able to identify derepressed genes in mice with homozygous loss of Ezh1 and 2 in growth plate, analogous studies in the Weaver model, with its milder genetic defect and subtle phenotypic, would likely be technically challenging.
In summary, our current findings demonstrate that EZH2 variants found in Weaver syndrome cause a partial loss of function in H3K27 histone methyltransferase activity. Our Weaver mouse model, combined with previous in vivo findings in mice and humans, reveal a complex genotype-phenotype relationship for EZH2 mutations.
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